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Abstract
The effect of fluidity on open cell AZ31 metal foam samples fabricated using a solid state space holder method was investigated. Granule was
fabricated by plaster powder and perlite powder. Granules were sieved which compacted layer by layer in casting mold. Preforms which made by
granules were then heated to 200 °C, 300 °C, 400 °C, 500 °C under a rough (mechanical) vacuum before pressure infiltration withAZ31 Mg alloy.
Samples were infiltrated using vacuum pressure values range of 8–14 KPa. The conditions of pressure and temperature were performed in order
to get different fluidity on manufacturer of open cell AZ31 metal foam specimen quantity. It is found that the fluidity plays significant role to
determine the open cell AZ31 alloy foam. The fluidity is affected by preheat temperature and infiltration vacuum pressure. The macrostructure, the
distribution of the pores, microstructure, infiltration length, and porosity were investigated.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction
Recently, metallic foams (especially for Mg/Mg alloy
foams) have attracted more and more attention, as they can be
used as structural and functional materials due to their unique
properties [1]. The casting of metals and alloys around a filler
material has recently attracted a lot of interest, because it is
potentially a very economical way to create cellular structures
of a wide range of metals and porosities. The filler material can
either consist of low-density materials that remain in the mate-
rial (foamed glass, hollow ceramic or metallic microspheres) or
it can consist of compact materials that are removed after the
casting process. Metal sponges formed in this latter way are of
open porosity and can be functionally used as catalysts, heat
exchangers or coolers [2–5].
Jinnapat and Kennedy studied on open cell Al foams made
by infiltration molten Al into porous salt [6]. Grohn and
Hintz investigated the determination of parameters of infiltrated
metallic foam composites. The open cell structure reticulated
polyurethane foams were used [7]. Osorio-Hernández et al.
researched for manufacturing of open-cell pure Mg foams by
replication process and mechanical properties [8]. Fluidity is an
important factor for the successful and steady production of
castings, and yet the study on the fluidity of open cell AZ31 Mg
alloy foam is rarely reported in the world [9].
In the present work, infiltration processing offers a versatile
and economical route to the production of open cell AZ31 Mg
foams, where simple equipment is used and net shape can be
obtained. Granule was fabricated by plaster powder and perlite
powder. Granules were sieved which compacted layer by layer
in casting mold. The size of granule determines pore sizes of
metal foam and relative density. These foams have homoge-
neous open-porosity, and cell sizes were equivalent to the
granule size of the precursor (1.70 mmØ). Replication process-
ing applied to the production of Magnesium foams consists in
infiltrating an open pore bed of bonded granule particles with
molten metal and then leaching the granules in water after
solidification of the matrix. The inertia gas was adopted to
prevent explosion and combustion in pouring. Molten
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Magnesium does not spontaneously penetrate open pores in
granule, such that only coarse foams can be produced with
conventional vacuum-assisted gravity casting [10–12].
Effect of preheat temperature of preforms and seepage
pressures were theoretically analyzed and determined on the
casting process. Open cell AZ31 Mg alloy was investigated
for compression deformation behavior and energy absorption
property. The good fluidity and castability were investigated for
the longest infiltration length, less defects and uniform pore
structure. The results showed that as increased of the preheat
temperature and the seepage pressures, the fluidity was
increased in a certain extent; however, there were some
defects on the foam structure at the high seepage pressure
[13,14].
Representative samples of the open-cell AZ31 Mg foams
with 30 mm*30 mm*30 mm size are shown in Fig. 1. In this
image, it can be observed that the sample has a homogeneous
distribution of the spherical pores with equivalent cell size
to granule. The corresponding stereo micrographs of open-
cell Mg foams are shown in Fig. 5, which demonstrates that
all samples show open cell structures with interconnected
pores.
2. Experience
AZ31 Mg alloy ingot was used as a basic metal. The
chemical compositions of the AZ31 alloy are listed in
Table 1.
2.1. Manufacturing process
1. Preparation of the porous leachable bead preforms:
Some same sizes of granules were arranged in the granule
mold by sieving process. The pore’s shapes were pre-
dominantly controlled by the initial shape of the space-
holder granules that were used to produce the preforms.
Pores of the resulting foam “replicate” the initial shape of
these space-holder granules.
2. Melting: A definite quantity of AZ31 Mg alloy was
melted in a steel crucible in the upper furnace. The
melting temperature was set at 750 °C. The melting time
is 2 hours.
3. Infiltration of molten metal into the porous preforms: A
range of pressures impact on the infiltration length for the
open cell foam Mg alloy. In casting process, the low
infiltration pressure is not enough to fill the porous pre-
forms, the high infiltration pressures will crush the gran-
ules or can be not formed integrally and uniform,
impacting on the quality of the open cell foam magne-
sium, with increase the difficulty level of the operating
process. The whole fabrication process is operated under
the mixed gas atmosphere of CO2 and SF6 (volume ratio:
6:1) to prevent the melt from ignition.
4. Solidification of the molten metal: At room temperature
24 °C, the cooling water was used into copper tube. The
copper tube was rolled in part of the mold tube for
cooling. After 30 mins, the casting was took out from the
mold. Finally, metal/granules composite can be obtained.
5. Dissolution of the preforms in a hot water: The ultra-
sonic machine was used with 100 °C water for 6 hours.
The open-cell Mg alloy foam has been fabricated suc-
cessfully by removing the preform granules. The set of
fabrication apparatus for making AZ31 open cell Mg
alloy foam mainly consists of two resistance furnaces –
one furnace is melting the magnesium alloy, another
furnace is preheating the granule mold, a steel crucible
and a stopper in the upper furnace which is the switch for
the molten Mg alloy into the bottom furnace. A gas
system supplies the inert gas to the upper furnace and the
lower furnace as shown in Fig. 2.
2.2. Infiltration pressure analysis
It may be stated in several different forms depending on the
flow conditions. The more widely used macroscopically
approach relies on the work [15], who described the permeabil-
ity of sand columns to a water flow. This first gradient law
writes:
Q = κ
η
A P
L
Δ
Δ
ˆ
(1)
where Q is the fluid flux (m3 s−1), Δ ˆP is the pressure (hydraulic
head) differential in the flow (Pa), ΔL is the flow length (m), η
is the fluid dynamical viscosity (Pa·s), A is the area normal to
the flow (m2), and k is the porous medium permeability (m2). It
shows that the volumetric flow rate is a function of the flow
area, elevation, fluid pressure and proportionality constant.
Fig. 1. The open cell AZ31 Mg alloy foam specimen with 1.70 mm Ø
(30 mm*30 mm*30 mm).
Table 1
Chemical compositions of AZ31 Mg alloy ingot (%).
Element Al Zn Mn Si Cu Fe Mg
AZ31 3.49 0.82 0.41 0.07 0.08 0.06 Bal
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2.3. Preheat temperature of granules mold analysis
t
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Where T0 is the preheat temperature of mold, Vm is metal and
granule composites of volume (M3), Ψ is the size and shape
coefficient of granule, Ψ is fixed by actually experiment, Ψ < 1.
The granule size is smaller, with smallerΨ. TE is the
solidification temperature of the magnesium alloy (°C). Cp is
Specific heat (Kcal/Kg*°C), Vp is the granule volume percent in
composite material (%). Hm is latent heat solidification of
magnesium liquid (J/mol). Dm is the density of magnesium
(Kg/M3). DP is the density of granule (Kg/M3). fm is the solid
fraction of liquid magnesium %, Lm is the liquid fraction of
liquid magnesium in composite. For theoretical analysis, there
is certain guiding significance [16]. Such as ambient
temperature, pore size and shape, many other factors will
influence on the infiltration length of magnesium alloy. In this
paper, the room temperature is 20 °C; the preparation of
granule size is 1.70 mm Ø for casting the open cell magnesium
alloy foam, and the preheating temperature of granule and mold
is at 200 °C–500 °C.
2.4. Density and porosity
The density of the foam ρ was calculated from electronic
densimeter EW-300SG by Alfa Miract Company, Japan. The
percentage porosity of the AZ31 Mg foams was calculated by
the following formula:
ε
ρ
ρ
= −
⎛
⎝⎜
⎞
⎠⎟ ×1 1000 % (3)
in which ρ and ρ0 are the density of the specimen and its
corresponding theoretical density, respectively, the ρ/ρ0 are the
relative density (defined as the density of the foam divided by
the density of the solid it is made from).
2.5. Mechanical properties
The metal foam’s energy absorption can be calculated by
integrating the lower area of the stress–strain curve according to
the following formula (4):
W
e
= ∫σde
0
(4)
W is the absorbed energy per unit mass (MJ/m3), which was
calculated from the stress–strain curve limit to the densification
strain of 50%. The obtained plateau stress and absorbed energy
per unit mass were compared for open cell Mg foam reported in
studies.
3. Results and discussion
Open cell Magnesium alloy samples were produced by the
replication process as shown in Fig. 3. The preparation proce-
dures of open-cell AZ31 alloy foam are to put the preform
granules into the mold, compress them and preheat the preform
to a proper temperature. Then the moltenAZ31 alloys were cast
onto the porous media, and the molten AZ31 would infiltrate
into the porous media under a proper pressure. After solidifi-
cation, metal/particle composite can be obtained. The open-cell
AZ31 alloy foam has been fabricated successfully by removing
the preform granules. The cell size is determined by the particle
size. In an alternative but closely related process, a bed of
particles of the leachable material are infiltrated by liquid metal
under pressure, and allowed to cool. Leaching of the particles
again gives a cellular metallic structure of great uniformity
[17]. Granule was sieved to retain particles 1.70 mm Ø in
average diameter. Preforms which made by granules were then
Fig. 2. Schematic diagram of apparatus for making open cell Mg alloy foams.
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heated to 200 °C, 300 °C, 400 °C, 500 °C under a rough
(mechanical) vacuum before pressure infiltration with AZ31
Mg alloy. Samples were infiltrated using vacuum pressure
values of 8, 10, 12 and 14 KPa. The resulting Mg–granule
composite was then solidified and extracted from the crucible.
The granule was subsequently removed by dissolution in hot
distilled water, leaving an open pore Magnesium alloy foam of
relative density at/or below 25%.The density of the Magnesium
alloy foam cylinders was simply determined by calculating
their volume from their known external dimensions and mea-
suring their mass. Microstructure characterization of the speci-
mens was conducted using scanning.
As Fig. 4 shows, the infiltration length directed proportion
related to infiltration pressure. According to the value of vis-
cosity, the liquid Mg is also difficult to infiltrate into the gaps
between the granules at low temperature; the infiltration length
is short also. The infiltration length increased with increasing of
various infiltration pressures respectively. The Darcy’s law
(eq. 1) is fitting well with experimental results. As Fig. 5 shows,
the low temperature granule mold makes liquid magnesium
alloy fast chilled ordinarily at preheat 200 °C. The infiltration
length steadily increased. Due to the low temperature, in short
time the liquid Mg changed to solid Mg alloy. However the
increased ratio is a little quick than 200 °C, due to the rise of the
value of viscosity. At 500 °C, 14 KPa, the max infiltration
length is 71.83 ± 3.4. The infiltration pressure had inevitable
relation on preheat temperature from that experiment. First, the
foremost reason is preheat temperature.When preheat tempera-
ture is low, molten AZ31 alloy turned to solid, even though the
most infiltration pressure, the moltenAZ31 alloy is not flowing.
Second, there is viscosity between the preform particles and
molten AZ31 alloy. At the suitable preheat temperature, the
larger infiltration pressure made molten AZ31 alloy to over-
come the resistance (theory of analysis by formula 1). Third, at
the higher preheat temperature than melting point, the increas-
ing infiltration pressure makes the preform particles with a
small degree of localized cracking. Due to the liquid AZ31 Mg
alloy is difficult to infiltrate into the gaps between the granules.
These cracks in preform particles are not infiltrated completely
during casting. There are some defects on specimens, so the
Fig. 3. Show open cell Mg alloy samples by granule size 1.70 mm Ø, melting temperature is 750 °C, the mold preheat is 200 °C, 300 °C, 400 °C, 500 °C,
pressure = 8 KPa, 10 KPa, 12 KPa, 14 KPa.
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Fig. 4. The relationship between preheat temperature and infiltration length at
pressure 8 KPa, 10 KPa, 12 KPa, 14 KPa, melting temperature is 750 °C,
granule size = 1.70 mm Ø.
4 X.-Z. Yue et al. / Journal of Magnesium and Alloys 4 (2016) 1–7
approximately 14 KPa infiltration pressure and 500 °C was
suitable for the manufacture of the open cell AZ31 foams.
The morphology of granule directly determines the pore
macrostructure. Some defects appeared on cell’s wall and pore
during the process of removing the granules and the casting
process which made the normal distribution to cause a little
error as shown in Fig. 6. Combining the results, the distribution
is considered as the same probability distribution in peak value.
The distribution arises from the central limit theorem; it is
suitable to apply in statistics. However, some defects appeared
on cell’s wall and pore during the process of removing the
granules and the casting process which made the distribution to
cause a little error. There are differences in the cross-sections of
the pore numbers as shown in Fig. 7. The peak of curve shows
the maximum number of pores.
Combining the results, the thickness of foams ranged from
0.30 to 0.60 mm in Fig. 8. The average pore size of foams
ranged from 1.2 to 1.7 mm. The porosity of the foam obtained
by Eq. 3 calculated the foam porosity that ranges from 30% to
70% in Fig. 9; the Mg alloy foam samples have high porosity in
400 °C–500 °C, and the density of foams ranged from 0.4 to
1.4 g/cm3; however, low density is also obtained in 400 °C–
500 °C. In solidification process, due to different fluidity capa-
bility and castability, there are different filling abilities with
different temperatures on the mold. From low preheat tempera-
ture to high preheat temperature, the fluidity capability and
filling ability is increased with the higher preheat temperature.
The effect of the increased preheat temperature is more pro-
nounced for increased porosity; however, the cell thickness and
density decreased with increased preheat temperature.
The solidification sequence of open cell AZ31 magnesium
alloy starts with nucleation of primary magnesium (α-Mg) at
the temperature of about 640 °C; later solidification reaction
involves the formation of eutectic phase, α-Mg and
β-Mg17Al12 eutectic reaction occurring at 437 °C. A typical
microstructure of open cell AZ31 Mg alloy foams in this study
is shown in Fig. 10.
Compressive stress–strain curves of Mg alloy foams have
three stages of different transformations. The first stage is
called elastic deformation stage. In this stage elastic deforma-
tion of the cell walls takes place, which reflects strength prop-
erty of pore structure. The second stage is called long plastic
deformation stage. As the strain increases, the load rises slowly.
This process mainly reflects the pore structure yielding of col-
lapse under pressure. The third stage is called compressive
densification of the sharp increase of pressure stage. The
melting temperature is 750 °C, the preheat temperature is at
400 °C. Flow stress decreases with increased pore sizes for a
given temperature, but decreases markedly caused by average
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Fig. 5. The relationship between pressure and infiltration length at mold tem-
perature 200 °C, 300 °C, 400 °C, 500 °C, melting temperature is 750 °C,
granule size = 1.70 mm Ø.
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Fig. 6. Pore size distribution of open cell Mg alloy foam with preheat temperature 200 °C, 300 °C, 400 °C, 500 °C, caused by the granule size 1.70 mm Ø.
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Fig. 7. The relationship of preheat temperature of AZ31 Mg alloy foams with
porosity and density for 1.70 mm Ø size open cell sample.
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pore size 3.36 mm Ø, at a fixed strain rate 0.01 mm/s as shown
in Fig. 11.As the deformation strain ranges from 0 pct to 50 pct,
the energy absorption capacity of open-cell AZ31 Mg alloy
foams with different pore size was calculated respectively. The
energy absorption and strain curves should be noted as shown
in Fig. 12. In addition the energy absorption shows a strong
dependence on pore size, the energy absorption per unit volume
rises rapidly for 1.70 mm Ø. The quasi-static compressive
stress–strain curves for various pore size foams have been
studied. The compressive strength of foams depend on cell
sizes; the smaller pore size is the more plateau region and the
area under the stress–strain curve also increases, but bigger
pore size implies lower yield stress. We can see that the energy
absorption of foams also increased with pore size decreased;
smaller cell size exhibit higher energy absorption capacity.
Therefore, it is important to know the actual morphologies of
foams for some specific application where the foams are used
for their impact energy absorption capacity.
4. Conclusion
The castability and fluidity properties of open cell Mg alloy
foam were investigated. The conclusions as follows:
1. Open-cell AZ31 Mg alloy foam samples with pore size
1.70 mmØ and homogeneous structure were successfully
fabricated by the replication casting route using preforms
constituted by spherical particles. The effect of fluidity on
open cell AZ31 metal foam samples was investigated.
Infiltration length increased with increased the preheat
temperature, following porosity increased. However the
cell thickness, pore size, and density decreased with
increasing of preheat temperature.
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Fig. 8. The relationship of preheat temperature of AZ31 Mg alloy foams with
average pore size and cell wall thickness for 1.70 mm Ø size open cell sample.
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Fig. 10. OM analysis microstructure of open cell AZ31 Mg alloy foams.
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Fig. 11. Compressive stress–strain curves for AZ31 open cell Mg alloy foam,
the temperature is 400 °C, and the strain rate is 0.01 mm/s.
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2. Fluidity of open-cell AZ31 Mg alloy foam was
researched by the infiltration length of specimen. The
infiltration length of the porous preforms with liquid
AZ31 Mg alloy was determined from several infiltration
pressures. The molten Mg alloy infiltrated into the
1.70 mm Ø granules mold should be at least 8 KPa. The
infiltration length increased with increasing of infiltration
pressures. The approximately 14 KPa infiltration pres-
sures and 500 °C preheat temperature for the preform was
suitable for 1.70 mm Ø granule mold.
3. The pore sizes affected the mechanical behavior of open-
cell AZ31 foams which includes compressive stress and
energy absorption capacity. As the average pore size
increased from 1.70 mm Ø to 3.36 mm Ø, it was inter-
esting that the compressed strength and energy absorp-
tion capacity decreased at a certain strain. However, in the
present experiment conditions, the sample with the small
pore size 1.70 mm Ø showed the highest mechanical
properties.
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